When subjected to rapid drops of temperature (cold shock), Neurospora responds with a 14 dramatic, but temporary shift in its branching pattern. While the cold shock response has been 15 described morphologically, it has yet to be examined genetically. This project aims to begin the 16 genetic characterization of the cold shock response and the associated acclimatization to cold 17 environments. We report here the results of a screen of mutants from the Neurospora knockout 18 library for alterations in their morphological response to cold shock and thus, their ability to 19 acclimatize to the cold. Three groups of knockouts were selected to be subject to this screen: 20 genes previously suspected to be involved in hyphal development as well as knockouts resulting 21 in morphological changes; transcription factors; and genes homologous to E. coli genes known to 22 alter their expression in response to cold shock. Several strains were identified with altered 23 responses. The genes impacted in these mutants are listed and discussed. A significant 24 percentage (81%) of the knockouts of genes homologous to those previously identified in E. coli 25 showed altered cold shock responses in Neurosporasuggesting that the response in these two 26 organisms is largely shared in common. 27 28 29 30 2
those associated with the genes as annotated on the FungiDB database as of July 2017: 1 Photomicroscopy 1 Growing cultures were examined and photographed using a Motic 10MP digital camera 2 attached to a Wolfe Beta Elite trinocular microscope. Photographs were taken of well separated, 3 leading hyphae. phenotype was defined by a very rapid decrease in hyphal diameter following cold shock. It was 23 common to observe "thin" in combination with other altered cold shock responses. The "dense" 24 phenotype was defined by displaying apical branching with visibly shorter distances between 25 branch points following cold shock relative to the response in wild-type. The "weak" phenotype 26 was defined as the oppositean apical branch phase with visibly longer distances between 27 branch points relative to wild-type following cold shock. Finally, the "cot-like" phenotype was 28 characterized by a lack of apical branching, but a shift to tightly spaced lateral branches which 29 morphologically resembled the growth of the traditional cot mutants at the restrictive 30 temperature.
32
We can imagine two distinct groups of genes to be identified by these screens. The first 33 would be genes directly involved in cold adaptation which are responsible for altering the cell to 34 accommodate the altered environment. This first group of functions, we could very well expect 35 to be generalized to a wide variety of organisms. The second would be genes coding for proteins 36 which are individually temperature sensitive and compensate for temperature changes by either 37 altering regulation to compensate for the change in activity or shifting activity to a paralog which 38 functions better at the new temperature. This second group we might expect to be more species 39 specific.
41
Screen of E. coli cold shock gene homolog knockouts 42 A total of 68 Neurospora strains with knockouts of genes homologous to E. coli genes which 43 alter transcription in response to cold shock (Phadtare and Inouye 2004) were screened. A total 44 of 55 (81%) showed altered morphology to cold shock (Table 1 ). The knockouts displaying 45 altered response to cold shock represent a variety of cellular functions. There does not to be any correspondence between the response of a gene in Ecoli (up regulated, down regulated, transient 1 or sustained), or its function (membrane metabolism, ROS control etc) (Phadtare and Inouye 2 2004) and the morphology displayed during cold shock.
4
The screen of cold shock orthologs provides a test of the hypothesis that the cold shock 5 response in both E. coli and Neurospora share a great deal of their cold shock response in 6 common. The very high percentage of overlap between genes playing a role in these two widely 7 separated organisms argues that the two responses are functionally related to a large degree. The 8 large fraction of overlap also argues that the majority of the genes identified in these two 9 organisms are involved generally in cold adaptation. The results also suggest that screening for 10 deviations from the normal cold shock response morphology is an effective tool for detecting 11 genes important in cold adaptation. 12 13 No correlation was observed between the transcription change observed in E. coli (Phadtare 14 and Inouye 2004) and the observed cold shock phenotype observed in the knockout strain of its 15 Neurospora ortholog. Similarly, no correlation was observed between the cold shock phenotype 16 observed and the annotated function of the genes affected in these strains.
18
Screen of Morphological/Hyphal plates 19 A total of 149 selected mutant strains from the Neurospora knockout library were previously 20 segregated into two collections. The "Morphological" collection resulted in known 21 morphological variations in the knockout strains. The "Hyphal" collection consisted of 22 knockouts of genes previously suspected to play a role in hyphal growth. These two collections 23 were screened for alterations to their response to cold shock. In total, 35 (23%) strains were 24 identified ( Table 2) As with the E. coli orthologs, the genes identified from this collection which displayed 29 altered response to cold shock appear to be involved in a number of different cellular functions. dependent branching, and comparing them to those with an altered cold shock response will 1 allow us to further examine the apparent independence of these two morphological screens.
3
Screen of transcription factor knockouts 4 A total of 208 Neurospora strains with knockouts in genes which function as transcription 5 factors were screened for their response to cold shock. In all, 34 (16%) showed altered 6 morphology to cold shock (Table 3) .
8
The transcription factor screen identifies a number of genes which may function in a broad 9 way to regulate multiple genes to the purpose of cold adaptation.
11
As with the knockouts of orthologs of E. coli cold shock responding genes, the mutant strains 12 identified in the additional screens show no observed correlations between the phenotypes 13 observed and the annotated functions of the genes with a variety of functions being associated 14 with the observed cold shock variations.
16
In conclusion, the gene functions highlighted by these screens ( The environmental conditions that life must contend with can vary widely. Organisms have evolved a wide range of 2 mechanisms for contending with these changing conditions. For the filamentous fungus Neurospora, growth continues 3 through nearly the entire range of temperatures (above freezing) that is observed in this environment. Although the rate allowing the fungus to continue to infiltrate its environment at the same density. Temperatures progressing through this 7 range would be expected to have dramatic impacts on enzyme activity generally (and thus overall metabolism), but also 8 directly on features critical to growth such as membrane fluidity, DNA/RNA stability and the rates of transcription and 9 translation.
11
In both Neurospora and E. coli, there is a multistage response to cold shock. There is an initial response which is 12 transient in nature, followed by a more long-term response which largely represents a return to normal growth.
13
Neurospora grows via extension at a hyphal tip with periodic branching which is typically lateral ( Figure 1A ). However, 14 when Neurospora is subjected to cold shock, a multi-phase morphological response is observed ( Figure 1B The hypothesis of this project was that the observed cold shock response of Neurospora is a consequence of a cellular 24 response homologous to that induced by cold shock in bacteria. Under this hypothesis, the observed, transient 25 morphological changes are a consequence of the fungal cell adjusting itself to growth in the cold via a manner which is 26 shared in common with simpler organisms. This hypothesis was tested by screening Neurospora knockout strains 27 impacting genes homologous to those identified in E. coli which alter their expression patterns in response to cold shock.
28
In addition, a broader collection of selected knockout strains were screened to identify additional genes which play a role 29 in the cold shock response and thus cold acclimatization. Together, the results of this screen provides the first molecular 30 underpinning to the cold shock response in Neurospora,
MATERIALS AND METHODS

1
The Neurospora targeted deletion collection 2 As part of the Neurospora Genome Project, a collection of strains containing disruptions in presumptive genes was 3 constructed (Colot et al. 2006) . Strains representing deletions of most of the genes of the Neurospora genome are 4 available from the Fungal Genetics Stock Center (McCluskey 2003) . As each deletion strain has been altered in a single, 5 previously identified, presumptive genegoing from phenotype to sequence is greatly simplified. Knockout sets selected to be subjected to screen. 15 A screen of the entire library was determined to be impractical. We instead screened an abbreviated subsection of the 16 library chosen to be more likely to yield positive responses. These fall into three basic sets.
18
The first set are knockouts of genes homologous to those which show altered transcription in E. coli when subjected 19 to cold shock (Phadtare and Inouye 2004). The protein sequences of E. coli genes identified by were retrieved from the 20 E. coli database (ecocyc.org/). These amino acid sequences were then fed into a BLAST search on the NIH NCBI site 21 (blast.ncbi.nlm.nih.gov/Blast.cgi) with the output limited to Neurospora sequences in order to identify their nearest 22 Neurospora homologs. These homologs were then searched on FungiDB to determine which had knockout strains 23 available. From this final list, 68 were selected for screening in this study. This set was selected to determine the degree 24 of relationship between the cold shock response in E. coli and Neurospora.
26
Second, two previously organized sets of knockouts generally associated with hyphal growth and morphology and 27 available from the FGSC were included in this screen. One set (identified as "plate 29 -morphologicals" by the FGSC) 28 contained strains with knockouts known to cause morphological changes. The second set (identified as "Hyphal Growth 29 Set" by the FGSC) contained strains with knockouts in genes homologous to genes in yeast known to affect polar growth.
30
A total of 129 strains from these two sets were screened.
32
The last set consists of knockouts of known transcription factors in Neurospora. This collection is available as a set 33 from the Fungal Genetics Stock Center (McCluskey 2003) . It was selected for this screen to determine which transcription factors play a role in signaling to the cell that cold adaptation genes must be activated. A total of 147 strains from this set 1 were screened. Media and culturing procedures were those described in Davis & deSerres (1970) . Growth described as being on 5 "minimal" was in plates containing Vogel's minimal medium (Davis & deSerres 1970) with 2% agar. The selected knockout strains were subjected to a screen looking for altered responses to cold shock. Wild-type 9 Neurospora progresses through a three-stage response following a shift into the cold. To induce the cold shock response, 10 we initially grew strains at 33°C and shifted to 4°C. We selected 33°C as our "normal" temperature as the cold shock 11 response has previously been demonstrated to be dependent on the degree of the temperature shift the hypha are 12 subjected to (Watters et al. 2000) . The larger temperature shift used here would be expected to result in tighter branching 13 during the apical phase. We decided this was desirable as it would make any variations from the normal cold shock 14 response more visible and easier to identify in the screen. Strains were inoculated by dropping a suspension of conidia 15 onto Vogel's Minimal Medium and incubated overnight at 33°C. The next morning plates were moved to 4°C. After an 16 overnight incubation at 4°C, the strain's response to cold shock was photographed and evaluated. Variations in the cold 17 shock response from that of wild-type Neurospora were judged qualitatively. Knockouts were subjected to cold shock 18 and photographed a minimum of three independent runs on separate days to assure consistency of the response within a 19 strain.
21
Photomicroscopy 22 Growing cultures were examined and photographed using a Motic 10MP digital camera attached to a Wolfe Beta 23 Elite trinocular microscope. Photographs were taken of well separated, leading hyphae. All photomicrographs were 24 taken using 40x magnification.
26
Phenotypes scored 27 The morphology of strains following cold shock was scored visually by comparing collections of photographs of cold 28 shock in a given strain to the response seen with a wild type strain (Neurospora crassa Oak Ridge). Those with altered 29 responses were then further categorized visually into the groups reported in Table 1 "CS phenotype." ). The initial response to cold shock is the growth of a single longer than normal unbranched 34 segment. This was termed the "Lag" phase of the response. This phase is followed by a series of closely spaced apical branch points, termed the "Apical" phase. Apical branch formation has been previously associated with the disruption 1 and attempted reorganization of the normal tip-growth apparatus (Reynaga-Peña et al. 1995, Riquelme & Bartnicki-2 Garcia 2004), a mechanism distinct from that thought to be involved in lateral branching. Finally, with continued 3 incubation at the lower temperature, the colony returns to lateral branching, termed the "Recovery" phase. Growth in this 4 phase of the response resembles that which would be seen had the colony been grown at 4°C (or any other fixed 5 temperature) continuously (Watters et al 2000) . Thus, the cold shock response appears to be a temporary disturbance to a 6 homeostatic system which maintains branch density at a constant, evolutionarily favored, value. The morphological 7 effects of cold shock are the indirect consequence of this system's staged process of adjusting cellular conditions in order 8 to compensate for the new growth temperature. 
Connections between cold shock in bacteria and Neurospora
26
It is tempting to draw parallels between what is known about cold shock in bacterial systems and the observed 27 response of Neurospora to similar cold shocks. Many of the systems affected during bacterial cold shock would be 28 expected to impact fungal tip growth and branching (e.g. membrane fluidity). In addition, the nature and timing of the 29 two responses are similar. Both can be adjusted by changing the intensity of the cold shock with more mild shocks 30 (lower temperature differences) producing more mild responses and more severe shocks (larger temperature differences) 31 producing more severe responses. Furthermore, the dynamics of the responses parallel each other. In each, there is a 32 multistage response. There is an initial response which is transient in nature, followed by a more long-term response 33 which largely represents a return to normal growth.
As with the knockouts of orthologs of E. coli cold shock responding genes, the mutant strains identified in the 23 additional screens show no observed correlations between the phenotypes observed and the annotated functions of the 24 genes with a variety of functions being associated with the observed cold shock variations.
Frequency of knockouts yielding alterations in the cold shock was dependent on the source of the knockout 27 As detailed above, mutants screened represented three different sets of knockouts: E. coli cold-shock responding 28 orthologs, Neurospora morphological/hyphal growth mutants, and Neurospora transcription factors. These three groups 29 displayed altered cold shock responses at different rates with the majority (81%) of the E. coli orthologs showing altered 30 responses and much lower frequencies (23% and 20% respectfully) of the morph/hyphal and transcription factor 31 knockouts showing altered responses (Table 1) . Additionally, the phenotypes of the altered cold shock response showed 32 a non-random distribution with regard to the knockout set the mutant was associated with using Chi 2 . Comparing 33 knockout set vs cold shock phenotype among those with alterations yields a Chi 2 of 32.2 and an associated p value < 1%. not observed, as would be expected if growth rate was a key factor among the knockouts. Taken together, there appears 23 to be, at best, a weak association between growth rate and alterations to the cold shock phenotype among the 24 transcription factor knockout mutants. This stands in contrast to the observation in wild type Neurospora (Watters et al 25 2000) that the morphology of the cold shock response was directly dependent on growth rate changes. This suggests that 26 the altered morphologies observed among the knockout mutants are due to changes in gene activity associated with the 27 knockouts and not simply the consequence of changes in growth rates in these mutants.
29
In conclusion, the gene functions highlighted by these screens (Table 1) Examples of the alternate cold shock phenotypes displayed with the identity of the mutant shown as the example are 5 shown: C) Burst: tips of growing hypha burst commonly (NCU02133, superoxide dismutase-1), D) Fail: a failure to 6 display any morphological response to cold shock (NCU02636, peroxin-4), E) Thin: hyphal diameter narrows on cold 7 shock (NCU03013, anchored cell wall protein-10), F) Dense: apical branching tighter than that normally displayed 8 during cold shock (NCU07617, aconidiate-3), G) Cot-like: phenotype resembles that seen at the restrictive temperature 9 of a temperature-sensitive colonial (cot) mutant strain. (NCU03901, peroxin-14), H) Weak: apical branching during 10 cold shock which is less dense than normally observed (NCU01408, COP9 signalosome-3). Combinations of the above 11 were sometimes observed as noted in Table 1 .
